Abstract: Chlamydomonas reinhardtii swims toward or away from light (phototaxis) in a graded way depending on various conditions. Activation of rhodopsin provides signals to control the steering of this unicellular organism relative to a light source and to up-regulate rhodopsin biosynthesis. Intracellular cAMP and cGMP concentrations were measured in positive (1117, swims toward light) and negative (806, swims away from light) phototactic strains with and without light stimulation or 3-isobutyl-1-methylxanthine (IBMX). In the dark, the levels of cAMP and cGMP were significantly higher in the strain with positive phototaxis than in the strain with negative phototaxis. To test whether either cyclic nucleotide influenced the direction, their pre-stimulus levels were pharmacologically manipulated. Higher pre-stimulus levels of cAMP biased the cells to swim toward green light and lower levels biased the cells to swim away. In addition, green-light activation of rhodopsin or addition of IBMX causes a sustained increase in cAMP in both strains. As a consequence of this increase in cAMP, carotenogenesis is induced, as shown by recovery of phototaxis in a carotenoid mutant. Thus, two functions for cAMP were identified: high pre-stimulus level biases swimming toward a light source and sustained elevation following rhodopsin activation increases rhodopsin biosynthesis.
Introduction
Phototaxis, swimming relative to the direction of a light source, is common among motile organisms such as Chlamydomonas (green algae) (Foster & Smyth 1980) , zoospores of the fungus Allomyces (Saranak & Foster 1997) , Mallomonas, and zoospores of Fucus (Saranak, Bradley, Andersen & Foster, unpublished results) . In the case of Chlamydomonas (Smyth et al. 1988; Witman 1993; Saranak & Foster 1997; Foster 2001) , its cell body rolls around its long axis at ∼2 Hz with its lateral eye (eyespot) scanning the environment. Its two anterior cilia (eukaryotic flagella) steer the rolling cell to optimize growth and survival. Chlamydomonas phototaxis is a continuously graded response from strongly toward, through neutral, to strongly away from a light source. How the photoreceptor, rhodopsin (Foster et al. 1984) , signals different photoresponses such as positive, negative, or diaphototaxis (swimming toward, away from, or orthogonal to light direction respectively) remains to be understood. Several agg (for phototactic aggregation) mutant genes have been partially characterized (Smyth & Ebersold 1970 , 1985 Iomini et al. 2006 ) implying several different mechanisms or pathways used by the cell to influence the direction and magnitude of phototaxis. Further, rhodopsins in Chlamydomonas have diverse functions ranging from vision (Foster et al. 1984) , control of gene expression , and light-dependent cationic channels (Nagel et al. 2002 (Nagel et al. , 2003 . We have previously shown that rhodopsin regulates its biosynthesis by controlling gene expression for carotenogenesis and consequently retinogenesis .
As annotated in the Chlamydomonas genome (Merchant et al. 2007) , there are several enzymes such as adenylyl cyclase (AC), guanylyl cyclase (GC), cyclic nucleotide phosphodiesterases (PDE), lipases; associated with biosynthesis, metabolism, and function of the common signalers. They are closely related to the same enzymes in mammals. Reported roles of cAMP in Chlamydomonas include ciliary function and movement (Zhang & Snell 1993; Howard et al. 1994) , cell signaling for gamete activation and mating (Pijst et al. 1984; Pasquale & Goodenough 1987; Goodenough 1989; Pan & Snell 2002; Wang et al. 2006) . On the other hand, physiological roles for cGMP in Chlamydomonas have not yet been defined. During mating, the level of cGMP lastingly increased 2-fold, but cAMP transiently increased 10-fold (Pasquale & Goodenough 1987) . The cGMP-dependent protein kinase (CrPKG) was identified as a substrate of ciliary protein tyrosine kinase which was activated by ciliary adhesion, an initial step of mating (Wang et al. 2006 ). This CrPKG activates AC to make more cAMP for formation of mating structure and cell fusion.
To identify potential roles for intracellular cyclic nucleotides in phototaxis, we compared the intracellular levels of cAMP and cGMP of a positive phototactic wildtype and its isogenic negative phototactic agg1 mutant in darkness (basal or pre-stimulus level). Both cyclic nucleotides were consistently higher in the positive phototactic than in the negative strain. To determine whether either cyclic nucleotide caused the resulting phototaxis direction, the pre-stimulus levels of the nucleotides were pharmacologically manipulated. Alteration of the basal levels of the cyclic nucleotides confirmed that higher pre-stimulus levels of cAMP biased the cells to swim toward and lower levels biased the cells to swim away from green light. The cAMP appears to be signaling or enabling a response to bias cell direction toward the light. Continuous green light sustainably increased cAMP levels corresponding to cAMP-induced recovery of phototaxis in a carotenoid mutant implying a further signaling role of cAMP in autoregulation of rhodopsin.
Material and methods

Cultures
Gametes of the four strains of Chlamydomonas reinhardtii were used in this study. Strain 1117, a strong-positively phototactic wildtype, was originally obtained from R. Smyth (Smyth & Ebersold 1970 , 1985 . Strain 806, strongnegatively phototactic agg1 mutant isogenic with 1117, was isolated and backcrossed by R. Smyth (Smyth & Ebersold 1970 , 1985 16 times and re-backcrossed twice before this work. Strain krc1-4A, a photosystem wildtype swimming toward low light intensities and away from high presumably to optimize photosynthesis or prevent photodamage was originally obtained from M. Guertin (Laval University, Quebec). A carotenoidless mutant, FN68 (cc2682), has normal opsin but low retinal and consequently very low phototaxis sensitivity. Its phototaxis is recovered when carotenogenesis is induced or retinal incorporated . Strains 1117, 806, and krc1-4A were grown under continuous fluorescent white light of 1 W/m 2 at 18
• C on high salt media (Harris 1989 ) for 3-7 days. FN68 was grown on a bactotryptone enriched media (Foster et al. 1984) in the dark for 4-7 days. All the data was from gametic cells as a result of being in nitrogen-free minimum media (NMM) (Foster et al. 1984) or modified NMM (0.05 mM Ca 2+ and 1 mM K + for krc1-4A) for 2 to 14 hours (depending on cell strain, volume and concentration of cell suspension). Final cell preparations and physiological experiments were done in 22
• C dark rooms with red light as needed. Cell motility was checked under a microscope before, during, and after each experiment. Typically, 99% of the 1117 and 806, 80% of the krc1-4A and FN68 cell populations were actively swimming.
Phototaxis measurement
Computerized cell population tracker. The computerized cell population tracker (CPT), a near-IR CCD (charge-coupled device) camera (KP-F120, 30 frames/s, Hitachi) attached to a Nikon Labophot-2 with a 10× phase objective, recorded individual swimming paths of cells on a millisecond-time scale. The cell sample (0.5 mL of 0.5×10 6 cells/mL) was incubated with its chemical treatment for 15 min before loading in a rectangle glass microcuvette (50×2×0.2 mm, VitroCom, Mountainlakes, NJ). The sample was dark adapted on the microscope stage for a few minutes and then tested for phototaxis. The stimulus was 500-nm light from a 300-W tungsten lamp passed through a 500-nm 10-nm-FWHM (full-width-half-maximum)-band interference filter (Microcoating, Westford, MA). The light beam was aligned with 2 convex lenses (separated by the sum of their focal lengths) to obtain a 3-cm-diameter parallel beam centered and focused on the apex of the microscope objective. The center of the microcuvette is under the objective and its long axis parallel to the stimulus beam. The phototaxis direction is along the long dimension of the microcuvette parallel to the axis of the light beam. Different OD filters were used to adjust the light intensity which was measured by a radiometer/photometer (88XLA, Photodyne Inc., Camarillo, CA). At each light intensity the individual swimming paths of 200-2000 cells were recorded for 10 s (20 s for krc1-4A) and the net phototaxis distance in a specific direction with its circular variance computed. The CPT also recorded the average cell-swimming speed and the total number of cells tracked.
The stimulus-response curves (as in Figs 1, 2) for each set of experiments were plotted as light intensity (on the horizontal log scale) vs. net phototactic rate which is the net distance of swimming in 0
• ±45 • (positive phototaxis, upward on the vertical axis) or 180
• ±45
• (negative phototaxis, downward) angle with respect to the light beam per 10 or 20 s. Note that the rate plotted is the net differential rate or the net vector in the direction of phototaxis not the individual cell swimming rate. Cells going in the opposite direction hence reduced the net rate. Concurrent presentation of the positive, negative phototaxis, and reversal of swimming direction is obtained by recording the magnitude and direction of phototaxis over a wide range of light intensities with the CPT. Plotting + (upward) and -(downward) on the same graph shows the graded response of Chlamydomonas from strongly positive to strongly negative. The spread of neighboring values gives a valid indication of the uncertainties at each point. For the same effort, further information is gained by varying the light intensity compared to repeating any particular point. Statistically, strong directional bias correlates with low circular variance and weak directional bias with high circular variance. Each experiment was tested with 6 to 10 intensities of light.
Petri dish assay. The Petri dish assay (Foster et al. 1984 (Foster et al. , 1989 (Foster et al. , 1991 was used to detect recovery of negative phototaxis of the carotenoid mutant, FN68, after chemical induction. An aliquot of 2 mL of 5×10 6 cells/mL was incorporated with isobutyl-1-methylxanthine (IBMX) or N 6 , 2'-O-dibutyryladenosine 3',5'-cyclic monophosphate (db-cAMP) in the dark on a shaker (150 rpm) for 15 min. The sample was spun down, re-suspended in 1.5 mL NMM, shaken for 30-60 min to allow caroteno-and retino-genesis then transferred to a small plastic Petri dish (34 mm diameter, Falcon) for phototaxis assay. The dish was placed in front of a tungsten light source with a 10-nm-FWHM-band 546-nm interference filter (Microcoating, Westford, MA) for 10 min at a distance yielding a light intensity that just triggered observable phototaxis. Phototaxis distance, measured in mm, was the clear zone on the exposed side subtracted by the boundary effect clear zone around the dish. The dish was moved closer to get a stepwise increase in intensity. The log-intensity-response curve was plotted from at least 3 intensities and extrapolated to the zero-response intercept, which was the phototaxis threshold. Phototaxis sensitivity is the reciprocal of threshold. Different doses of IBMX and db-cAMP were tested to demonstrate their dose-dependent effects.
Pharmacological preparations. A cyclase inhibitor, 2',5' dideoxy adenosine (Calbiochem) dissolved in distilled water; a PDE inhibitor, IBMX (Sigma) dissolved in dimethyl sulfoxide as 250 mM stock then diluted to the desired concentrations by NMM; a PDE resistant and membrane permeable cAMP agonist, 8-bromo-adenosine 3',5'-cyclic monophosphate sodium salt (Calbiochem), dissolved in distilled water; and a membrane permeable cyclic nucleotide analogs, db-cAMP free acid (Aldrich), 10 mM in NMM. These preparations were incorporated in the cell suspension to the final concentrations and times as specified.
Biochemical measurements Light and chemical stimulation. Cell suspension (60 mL, 5×10
7 cells/mL) in an uncovered glass Petri dish (80 mm diameter, 40 mm depth) was gently stirred with a magnetic stirrer. After dark adaptation of 30 min, an initial 2 mL aliquot (time 0) was collected. The suspension was then subject to either dark or 514-nm green light (442 mW/m 2 ) from a tungsten lamp with a 10-nm-FWHM-band interference filter (Microcoating, Westford, MA) illuminating the top of the dish. This light intensity was within the intensity range that generated maximum phototaxis in 1117 and 806. A 2 mL aliquot was taken every 10 min for 90 min after dark or light. The remaining cell suspension was left in the dark for 30 min and the last aliquot taken.
IBMX was incorporated to 60 mL of cell suspensions in the dark for 30 min with continuous stirring. The cell suspensions were then either exposed to 514-nm green light (442 mW/m 2 ) (4 experiments) or kept in the dark (3 experiments) for 50 min. For both sets, 2 mL aliquots were taken at 0, 10, 30, 50 min. Exposure to red light (674 nm) 10 W/m 2 for 50 min as a negative control was done the same way as described for green light. The experiment was repeated 4 times.
Each aliquot was quickly quenched with 0.2 volume (400 µL) of ice-cold 20% perchloric acid. The quenched samples were kept at −20
• C until the biochemical assays. During light exposure, there was no observable increase in the temperature of the cell suspension.
Biochemical assays. The biochemical assays (Boonyareth 2006) were done at 4
• C. The quenched samples were homogenized by a glass-teflon homogenizer and centrifuged at 2000×g for 5 min. The supernatant was neutralized to pH 7.5 with ice-cold 10 M KOH. The precipitated KClO4 was removed by centrifugation at 2000×g for 5 min. The supernatant was collected and stored at −70
• C before analysis of cAMP and cGMP.
cAMP. cAMP was determined by a radioligand binding method (Brown et al. 1971; Farndale et al. 1992; Nordstedt & Fredholm 1990 )using cAMP-binding protein prepared from bovine adrenal cortex (Boonyareth 2006 150 µL buffer) for 60 min. Non-specific binding was determined in the presence of 1 µM cAMP. Separation of free from protein-bound nucleotide was achieved by rapid, cold filtration through Whatman GF/B glass fiber filters using a Brandel cell harvester (Model SD-48) and radioactivity was detected by scintillation spectrometry.
cGMP. cGMP was assayed by a competitive protein binding method (Kobayashi & Fang 1975; Latner et al. 1977 ) using cGMP binding-protein extracted from bovine lung tissue (Boonyareth 2006 ) instead of rat lung tissue. [8-3 H] guanosine 3',5'-cyclic monophosphate (559 GBq/mmol, Amersham Biosciences, Buckinghamshire, UK) 1 pmol in 500 µL of assay mixture was incubated with the binding protein (600 µg in 150 µL buffer) for 60 min. Non-specific binding was determined in the presence of 3 µM cGMP. Separation of free from protein-bound nucleotide and detection of radioactivity were the same as above.
The measured concentrations were expressed as mean ± SEM in pmol/10 6 cells. Differences within each group were determined by one-way ANOVA followed by either the Scheffe's or Tamhane's T2 test. Differences between two groups (e.g. Fig. 3) were evaluated by the non-parametric Mann-Whitney test.
Results and discussion
Role of cAMP in biasing phototaxis direction Basal levels of cAMP and cGMP in 1117 and 806. The average levels of cAMP and cGMP measured in the dark at different time intervals for 120 min were respectively 5.6 and 4.4 fold higher in the positively phototactic strain, 1117, than the negatively phototactic isogenic strain, 806 (Table 1) . This evidence suggested cAMP and/or cGMP as candidates for determining the direction of phototaxis. It initiated the hypothesis that a low basal level may be associated with negative phototaxis and a high basal level with positive phototaxis. We found cAMP to be in the range of 0.16 (in 806 mt − ) to 0.9 (in 1117 mt + ) pmol/10 6 cells, which is somewhat higher than 0.1 pmol/10 6 cells reported for strain 137c gametes (equal amount of mt + and mt − ) using a radioimmunoassay (Pasquale & Goodenough 1987) . Similarly, our cGMP levels (2.12 and 9.42 pmol/10 6 cells in 806 mt − and 1117 mt + , respectively) were somewhat higher than previously reported in 137c mt + and mt − gametes (∼1.7 pmol/10 6 cells) (Pasquale & Goodenough 1987) . The differences might be due to the cell conditions, assay techniques or the different binding proteins used in the assays.
Effects of manipulation of prestimulus levels of intracellular cyclic nucleotides on phototaxis To determine whether the prestimulus level of cAMP or cGMP biases the phototaxis direction, the intracellular levels of cyclic nucleotides were pharmacologically manipulated. The two enzymes, AC and PDE, which are known to regulate intracellular levels of cAMP in both vegetative (Hintermann & Parish 1979 ) and ga- metic (Pijst et al. 1984; Pasquale & Goodenough 1987) cell bodies and cilia (Zhang & Snell 1993) of Chlamydomonas, were targets for our manipulation. As a function of green light intensity, we tested the phototaxis of strain krc1-4A, which swims toward green light at low and away at high green light intensities. We compared the phototaxis of krc1-4A without and with two different concentrations of the PDE inhibitor, IBMX, over a wide range of green light stimulation using the CPT. As shown in Figure 1A , IBMX shifted the whole intensity-response curve toward more positive phototaxis. With 30 µM of IBMX, krc1-4A did not show any negative phototaxis at all intensities tested (Fig. 1A) . Consequently, the reversal point from positive to negative taxis moved to higher intensity. Biochemical results show that IBMX significantly increases intracellular cAMP, but not cGMP, in both 806 and 1117 (Table 1) and 137c (Pasquale & Goodenough 1987) .The positive-phototaxis bias likely reflects an increase in cAMP rather than cGMP. We tested the consistency of this pattern of direction biasing in strains 806 and 1117. Since the cAMP level was already high in the strong-positively phototactic strain 1117, we reduced the level of cAMP with the cyclase inhibitor, 2',5'-dideoxy adenosine 1-125 µM. The IC 50 of this inhibitor in rat brain is 2.7 µM (Désaubry et al. 1996) . On the other hand, as the cAMP level was already low in the strong-negatively phototactic strain 806, we increased its cAMP level directly by 8-bromo-cAMP 50, 200 µM and indirectly by IBMX 10-300 µM. Figure 1B shows effects of lowering intracellular cAMP on phototaxis of 1117. The whole intensityresponse curve of 1117 which was strongly positive without the cyclase inhibitor, shifted negatively (downward) and phototaxis became negative at high intensities (>2000 mW/m 2 ). At the maximum green-light intensity, the shift was sufficient such that the amplitude of negative phototaxis at 5 and 25 µM doses was almost equal to the amplitude of the positive phototaxis of the untreated cells stimulated by the same light intensity (Fig. 1B) . The effect of cyclase inhibitor was substantial at doses as low as 1 µM. At 125 µM positive phototaxis was partially restored, possibly, as a result of metabolic compensation, feedback control, or the inhibitor loses its specificity at this high dose reducing other cyclic nucleotides, or a different mechanism regulating cell direction coming into play.
Directly (8-bromo-cAMP, Fig. 2A ) or indirectly (IBMX, Fig. 2B ) increased intracellular cAMP in 806 shifted the intensity-response curve positively (upward) in a dose-dependent manner. The phototaxis at all intensities was less negative than no-treatment and reversed to positive at 300 µM IBMX. A reduced number of cells swimming was observed with the case of 300 µM IBMX, probably due to high concentration IBMX causing the re-absorption of cilia in some cells (Lefebvre et al. 1980) . Since the magnitude of the phototaxis rate is dependent on the speed of the cell swimming, it is important to note that there was no change in this swimming rate for any of the treatments.
These data support a role of intracellular cAMP in regulating the rhodopsin-dependent phototaxis of Chlamydomonas. The consistent correlation of the positive or negative shift of the intensity-response curves by respectively increased or decreased pre-stimulus cAMP suggests a differential mechanism determines the direction of phototaxis. For example, light absorbed by rhodopsin may initiate two signals; one biases the cell to swim toward the light source and the other away. If the response to the second signal was of the same sign as the first and delayed by half the rotation time of the cell (0.25 s), the net phototaxis direction would be the comparison of these two responses. If cAMP controls the positive phototaxis signal in a positive manner or the negative phototaxis signal in a negative manner, then the increase in cAMP would result in a bias toward positive phototaxis as observed. How this mechanism connects with other regulators such as Ca
+ , or photosynthesis is presently not known. In all cases, higher light intensity biases phototaxis in the negative direction, i.e. the signal to bias the cell to swim away is increased relative to that to swim towards.
Other agg mutants such as RNAi mutants depleted in agg2 or agg3 gene (Iomini et al. 2006 ) also result in negative phototaxis. The two proteins encoded by agg2 and agg3 genes were identified as a ciliary membrane protein localized near the basal bodies and a flavodoxin localized to the ciliary matrix, respectively (Iomini et al. 2006) . How these proteins alter the direction of phototaxis is still unclear, but they are likely to have independent mechanisms from that described here.
Temporal changes of cAMP level due to light exposure We have seen that the pre-stimulus level of cAMP biases the direction of rhodopsin-dependent phototaxis. However, rhodopsins in Chlamydomonas have various functions signaled by different pathways. The green light, in addition to providing the light-source tracking error signal for phototaxis, could also be causing or altering other rhodopsin-related physiological processes. Therefore, we studied the temporal changes of cAMP and cGMP levels due to rhodopsin activation by expose the cells to continuous green light (514 nm, 442 mW/m 2 ) for 90 min and monitored the cyclic nucleotide levels every 10 min during the exposure. Figure 3 shows the temporal changes of cAMP level in 806 exposed for 90 min to the continuous green light and then further kept in the dark for 30 min. There was no significant difference in the cAMP levels between the exposed and the dark groups at time 0, 10, and 20 min. After 20 min the levels of cAMP in the light exposed group rose to a maximum at 30 min and remained high even after the light was turned off for 30 min (Fig. 3) . The cAMP levels in the dark group remained low. The intracellular level of cGMP, on the other hand, was not changed by long exposure to the green light. Table 1 shows that the average levels of cAMP but not cGMP in both 806 and 1117 were significantly increased by the IBMX in the presence of green light further increased the cAMP level (Table 1 ). The average levels of cAMP from 20 to 120 min were three-fold higher in the green light relative to the dark. Note that ANOVA of the time zero values (dark) of all groups from each strain were not significantly different. The 10-fold increase in cAMP was detected in mating 137c (Pasquale & Goodenough 1987) , but with rapid onset and back to control level in 20 min. Similarly, a rapid and transient increase in cAMP levels in the C. eugametos UTEX 9 was detected after the sexual agglutination process (Pijst et al. 1984) .
Green light had a stronger effect on increasing cAMP relative to the dark level in 806 than in 1117 (3.1× vs. 1.7×), but due to the already high normal level in 1117 the absolute increased value in 1117 (0.63 pmol/10 6 cells) was larger compared to 806 (0.34 pmol/10 6 cells). It is likely that increased cAMP is a result of rhodopsin activation since it was specifically increased by green, but not by red light in both strains. Probably rhodopsin activation turns on the AC or turns off the PDE. One of the rhodopsins in Chlamydomonas might couple with AC or GC (Kateriya et al. 2004) . In contrast to cAMP, cGMP in both strains was not sensitive to either green light or IBMX (Table 1) . We can conclude that green light, through a rhodopsin, induces an increase in the level of cAMP on a time scale that reflects biochemical processes.
Role of cAMP in carotenogenesis Effects of db-cAMP and IBMX on recovery of phototaxis in the mutant FN68. We have shown that lightactivated rhodopsin induces carotenogenesis which in- Fig. 4 . Recovery of phototaxis in FN68. Dose-response curves for induction of carotenogenesis by db-cAMP and IBMX as measured by phototaxis using the PDA. Log-log plot of the ratio of phototaxis sensitivity of treated to untreated cells as a function of dose of each inducer. Sensitivity is the reciprocal of phototaxis threshold. The data points were fit with linear regression lines.
creases retinal to form a chromophore with the existing opsin in the blind mutant (very low phototaxis sensitivity), FN68 . The synthesis of retinal is demonstrated in vivo by a 45-fold increase in phototaxis sensitivity of the blind mutant. The light induction effect of retinal synthesis was linearly photon dependent, rhodopsin dependent, and blocked by protein synthesis inhibitors ). The present results suggest that perhaps the increase in cAMP by green light might be a part of this induction pathway. To test the hypothesis of involvement of cAMP in the signaling of the induction of carotenogenesis, we made use of the mutant FN68. Instead of using green light to induce carotenogenesis, we simply raised its cAMP by either a cAMP analog or IBMX and measured its phototaxis sensitivity. Similar to the light induction, incubation of FN68 with db-cAMP (5-100 µM) or IBMX (50-500 µM) recovered phototaxis in a dose-dependent manner, 40 to 150, and 20 to 150 times of controls, respectively (Fig. 4) . Each compound increased the phototaxis sensitivity of FN68 over two orders of magnitude, much larger than the increase caused by any known mechanisms other than retinal synthesis. The cAMP analog has higher potency than IBMX which exerts its effect by inhibiting cAMP metabolism. In 137c mt + gametes, 1 mM IBMX increased intracellular cAMP 7-fold, but not cGMP (Pasquale & Goodenough 1987) . Average increases of intracellular cAMP by 10-100 µM IBMX were 2-and 3.8-fold, respectively, in 806 and 1117 gametes. Hence, 50-500 µM IBMX ought to raise the intracellular level of cAMP in FN68 enough to show an effect similar to that of db-cAMP in recovery of phototaxis. The dose-response relationship of db-cAMP showed slightly shallower slope than that of IBMX, possibly reflecting some metabolism of the cAMP analog by the PDE. Exposure of the Chlamydomonas cells to green light, or IBMX, or db-cAMP substantially raised intracellular cAMP levels (Fig. 3 , Table 1 ) and recovered phototaxis in the carotenoid mutant (Fig. 4) .
Therefore, the rhodopsin-induced increase in cAMP would appear to be at least partly responsible for induction of carotenogenesis and consequently upregulate rhodopsin. In most cases, cAMP liberates the catalytic subunits of protein kinase A in the cytoplasm which then diffuse into the nucleus to phosphorylate the transcription factors such as cAMP response elementbinding protein, CREB (Moutinho et al. 2003) . This phenomenon is similar to the report that continuous exposure of cc124 mt − to fluorescent light (52 µmol/m 2 s) caused a sustained 3-fold increase in Ins(1,4,5)P 3 levels corresponding to GSα gene expression for chlorophyll biosynthesis (Im & Beale 2000) .
These sensitive in vivo measurements of the ultimate physiological outputs resulting from changes of intracellular cAMP levels by either pharmacological manipulations or light induction lead us to the following conclusions. In Chlamydomonas reinhardtii, the prestimulus intracellular cAMP level influences the phototactic direction bias of the cells. Higher cAMP levels bias the cells to move toward green light tracked by rhodopsin at their eyespot. By a different signaling pathway and time-course from phototaxis, photoactivation of rhodopsin (rho 497 ) (Saranak & Foster 1994) sustainably increases cAMP. In turn this increased cAMP upregulates carotenogenesis which increases supply of retinal to incorporate into opsin to make more rhodopsin.
